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As the Nation’s principal conservation agency, the Department

of the Interior has basic responsibilities for water, fish, wildlife,

mineral, land, park, and recreationcrl resources. Indicrn Territorial

affairs are other maior concerns of America’s “Department of

Natural Resources”.

The Department works to ussure the wises? choice in managing

all our resources so each will make its full contribution to a better

United States—now and in the future.

I
FOREWORD

‘1
T is is one of a continuing series of reports designed to present

acc ~unts of progress in s~line water conversion and the economics Of

its pplication. Such data are expected. to contribute to the long-range

dev Iopment of economical processes applicable to low-cost demineraliza-

tion of sea arrd other saline water.

‘1
E cept for minor editing, the data herein are as contained in a report

sub itted by the contractor. The data and conclusions given in the report

are ssentially those of the contr~ctor and are not necessarily endorsed by

~ the epartment of the Interior.
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NEUTRON INELASTIC SCATTERING STUDIES OF WATER

AltOIONIC SOLUTIONS

(JULY 1967- WLY 1968)

I. INTRODUCTION

Measurements at a molecular level of changes induced in the bond-

ing, in the structured units, and in the associated diffusive motions of

&Ornolecules by the addition of ionic solutes to water can provide infor-

mation for testing theories and developing more unique and quantitative

models for the structure and kinetics of ionic solutions than are now avail-

able. Such information

governing the structure

to the development

procedures. This,

Samoilov(l)‘2) for

and

for

the

could pTovide a deeper insight into the basic forces

and motions in saline solutions, and would be basic

tiprovement of efficient large-scale desalination

example, is stressed in recent theories by

mechanism of salting out frmn aqueous solutions.
(7J

As reviewed previously,

account for a number of the observed

water, while differing significantly

a surprising number of models can

thermodynamic properties of bulk

at a molecular level. In particular,

the structure size and long-range ordering of the

fraction and lifetime of unbended “monomers” have

between

devised

account

models. In more recent years a number of

which attempt in a quantitativemanner at

associated units, and the

differed significantly

theories have been

a molecular level to

for the space-the correlation of the motions of &O molecules

in water, including: the vibrations of bonded molecules, the diffusive

kinetics of individual molecules and of clusters, and the damping of and

coupling to vibrational modes by diffusive motions. Data at a molecular

level are of particular use in further developing and refining such models.
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1 The influence of ions on the stmcture of water, the existence

and th ~nature of hydrated species in electrolytic solutions, and the

change in diffusive kinetics of &O molecules caused by ions in SOIU.

‘1
tion h’ve been the subject of both

tions. The results of a number of

in Tab e I.

experimental and theoretical investiga.

such investigations are briefly summarized

L
The role of the water structure and the ability of ions either

to bre ~ the structure or to incorporate into it has been of particular

I (4)
interes~. Efforts have been made to classify salts or ions as “stmcture-

~ Imakers r -breakers” depending on7

or less unique and tightly bonded

whether their solutions result in a more

coordination of H20 molecules thain

kwater o, whether the molecules are more or less mobile than in water.
I

I
However~ the assignment of ions to such classes has not been in accord

all mea;urements.

for

1
There appears little doubt that the concept of hydration is a

valid o e and that hydrated species involving specific cation-water

(5 )(6 ) (KOHand KSCN) there arecoordin tions exist. In certain cases

indicat,ons that ions may incorporate into the water structure even at

f

higher ‘concentrations.At lower concentrations and temperatures there is

IIevident’ that remnant “water-like” regions may coexist with hydrated ions,

/

More ge’erally, however, the ions

water b a combination of charge,

break dowri”theexisting stficture of pure

polarization, and steric effectS. The

coordin;,tion,strength of bonding, thermolability, and cooperative effects

of aniolM and cations in the formation of new complexes depend strongly

on the :!ize and charge of the ions and the nature of the ion-H20 interaction.

I



‘7)(%$?at higher concentrations of ions havingEvidence has been cited

strong fields (i.e.) Li+~ Ca+? Al‘3) the molecular coordination strongly

resemble those of the corresponding solid hydrates. In addition, a degree

of covalent bonding between a metal ion and the oxygen of a HPO molecule

‘lo)(l~~e complexesmay occur in both solution complexes and solid hydrates.

(15)(16)(17)
formed by certain large highly charged ions (i.e., EU+3, Er+3, and ~+3)

may in turn be able to cause a further reordering of H20 molecules beyond

the primary hydration.

Neutron inelastic scattering (N.I.S.) has been applied previously

~to studies of water,
(18 ) (19 )non-aqueous liquids, and intermolecularfre-

quencies and binding of &O molecules in minerals and solid salt hydrates.

Detailed descriptions of this technique and reviews of both the expertien-

tal results and their theoretical evaluation for water and other liquids

‘20)(2~Ae observed vibrational spectraare in the literature.

ar~ not limited by symmetry or optical selection rules and all vibrations

and diffusive motions occurring within the interaction time of 10-11 -

10-12 seconds will be observed. Due to the large scattering cross section

for hydrogen relative to oxygen and the ions, the observed spectra will

corres~ond to vibrations and to diffusive motions of water molecules.

In the present experimen@N.I.S. has been used to study the

intermolecularvibrations of water molecules below 900 cm-~ as a function

of temperature and of concentration for a selected series of dissolved

anions and cations and for some corresponding solid

molecular frequencies observed at lower temperature

where possible, to those observed for H20 molecules

solid hydrates of the salts.

hydrates. The inter-

have been compared,

in the corresponding
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I

SimultaneousIy
I
I

motions’of H20 molecules

and theresults comTared

the broadening of the incident line by diffusive

(the quasi-elastic component) has been mea$ured

with the functional behavior predicted by different

theorie

I

of diffusion. Effects of different ions and of temperature on

the difl sion kinetics and related parameters has been determined.
I

II’. SUNMARY OF RISULTS TO DATE OF THE PRESENT INVESTIGATION

‘1
~ The intermolecular frequencies between 900 cm-l and

H2~ rnolcules in water and aqueous solutions of LaC13, CaC12,

8 CID-lof

MgC12, CSI,

t

CSC1, K N, KI, KBr, KC1, KY, NaCl, LiN~ and LiCl have been measured by

slow neu r-oninelastic scattering. In,addition, the diffusive kinetics

Iof H20 mllecules in

KF, NaCli LiCl have

aqueous solutions of IaC13, MgC12, CSC1, KSCN, KC1, I
been investigated and compared to water. The dependence

of obse~ed spectral changes on temperature, on concentration and on ionic

I
size and

thd intel

solutionj

the’irCOY
I

tion of Y

ion (i.e,

similar t

and to td

correspor

tration.~’

;hargewere studied. Simultaneous changes were observed for both

lolecularfrequencies and the diffusive motions of H20 in ionic

relative to pure water and were specific to the ions present,

:entrations,and the temperature. They result from the modifica-

,terstructure and the formation

For solutions of salts having a

LaC13, MgC~, LiCl and IQ?)new

)those of the rocking, wagging,

of hydrated cornFlexesby ions.

small and/or highly charged

msxima appear at frequencies

and twisting vibrational modes

: ion-water stretching frequencies of H20 molecules in the

!ingsolid salt hydrates. They intensi~ with increasing concen,-

.ileincreasingtemperature uii]l these frequencies broaden

I
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they persist to 75°C. At lower temperatures (l°C and 25°C) where the dif-

fusive motions are in accord with a delayed diffusion model, these salts

cause a corresponding decrease in the self-diffusion coefficients, D, and

increase in the residence times, TO) relative to pure water. D increases

and To decreases with increasing temperature, but remain respectively

smaller and larger than for pure water. However, at higher temperatures

the diffusive kinetics depart from the shple jump diffusion behavior.

The data indicate that such small and/or highly charged ions

break existing water stmcture and form cmplexes having local ordering

and bonding similar to that of H20 molecules in the corresponding solid

salt hydrates. The strong ion-water coordination and electrostriction

of the solvent gives rise to a higher activation en,er~ for &O molecules

than in pure water and these ions thus act as positive hydrators.

Solutions of salts with larger singly charged ions (i.e., CSC1,

KC1) also show new frequencies, but in contrast, at lower temperatures

these are broader and less pronounced than for the smaller or highly charged

ions. These solutions increase D and decrease -rOrelative to pure water,

acting as “negative hydrations.” At higher temperatures maxima character-

istic of ion-water coordination appear more prominent and suggest that at

such temperatures, relative to lower temperatures, the ion-water bonding may

be more important than the H20-&0 bonding in pure water.

Values of the intermolecular frequencies, the diftision coeffi-

cients, and residence times obtained are in reasonable numerical agree-

ment with those obtained from other techniques. For cases where the

delayed diffision model is not valid, a tentative explanation for the

observed diffusion kinetics has been presented.



III. :

A.

I
has be
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I

liquid

Smyle

neutro]

sharp~

so tha’

with a]
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temper:
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UTRON SCATTERING

utron Spectrometer

The neutron inelastic scattering spectrometer, shown in Figure 1,
I

in operation at the Union Carbide Sterling Forest Research Center

o for approximately four years.

A beam of thermal neutrons fran the reactor passes through

itrogen-cooled,polycrystalline beryllium before striking the

The Be serves as a low-pass filter, transmitting only those

with energies ~ 5:2 meV (millielectronvolts). Below this

iefined cutof~, the intensity of neutrons decreases rapidly;

‘theener~ distribution in the incident bean is asymmetric,

zverage energy of 4 meV and a full width, at half maximum of

neV. Such a beam of neutrons is termed “cold,” since its average

~ small compared to the average thermal excitation energy at room

me (kT = 25 meV). The bemn impinges on the sample to be studied,

I

eutrons scattered from the sample are interrupted by a rotating

r. The velocities, and hence the energy distribution of the

scattere

1

neutrons, are determined by measuring the flight time over a

5-meter light path between the chopper and the neutron detectors. Counts

from the detectors are recorded, with their flight times, in a PDP-5 on-

1
line com 1

comparin

the initl

distribut

.teracting, in this instance, as a multi-channel analyzer. By

the energy distribution of the scattered neutrons with that of

,1beam, one obtains a spectrum of energy gains from which the

on of molecular vibration frequencies can be determined.

I

I
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neutron scatters once

event, the neutron

molecule but does not

The sample thickness is chosen so that a

and only once in the sample. In such a scattering

interacts with the nucleus of an atom bound in the

have sufficient energy to break molecular bonds. Since the mass of the

molecule is generally large compared to the neutron mass, the recoil

ener~ of the molecule as a unit may be neglected. However, the neutron

may gain or lose quantized units of ener~ corresponding

molecular energy from or to the neutron. In our type of

only those neutrons that have gained ener~ are observed

to a transfer

measurement,

of

B. Sample Preparation and Treatment of Data

The samples were contained in an aluminum holder shielded with

cadmium. A thin layer of an inert polymer film was electrodeposited on

the cell which afforded corrosive protection and did not contribute to the

background significantly.

For the spectra taken at -25°C the samples were cooled by flowing

liquid nitrogen boil-off gas through a channel in the sample holder; the

temperature was controlled to *2°C. Care was taken to prevent the conden-

sation of water vapor on the scattering surfaces of the sample. For the

spectra taken at +l°C, the sample was cooled by ra’pidlycirculating water

from an ice-water bath. The cooling system was shielded to avoid the

scattering of neutrons by the coolant. Collimation of the sample was

such that neutrons were only scattered from the liquids having maximum

thickness of 0.5 mm,

Measurements have been made to determine the degree of spectral

distortion arising from both multiple scattering (as described in detail in
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I
Appendi, I) and from background subtraction. Spectra distortion due to

multipl scattering has been found to be negligible.

For thin smmples, the background subtraction-is important,

!
the bac ’groumdwas measured at each angle and for

While, ‘n general, the background was nearly flat

variant ~swith both angle and cell were observed.

.1that spe tra independent

backgrou d subtraction.

measured background, for

different cells.

and constant, small

However, it was shown

of the cell were systematically obtained after

The measured neutron spectra were corrected for

counter efficiency, for chopper transmission, and

t
for the ‘transmissionof alwinum in the beam. Measurements were made to

I

\

ensure t e reproducibility and the reality of ,theirfeatures. Typical

standardldeviationsare shown as calculated from the number of counts

I

1
and of b ‘ckgroundcounts per channel. Spectra were also repeated using

independent counter banks, electronics, memory sections of the time-of-

flight a ‘alyzer, and using identical freshly prepared samples. In addition,

runs with different solutions were interspersed over the total duration

of the e eriment.

‘1
The solid curves in neutron syectra were “faired” through the

data poin s. It was required for the maxima or shoulders shown that they

reproduceiunder the conditions described above and that in a,ddition,while
~:

t

theii rel’tive intensities varied, they also occurred in spectra for

1
diff&ent ~anglesand temperatures. In particular, where a singularity

is margin ‘1with regard to statistical error on a given spectrum it was

assigned
~
~nlyif it aypeared at mor+ than one scattering angle, tempera-

ture, and ~concentration.
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The kinetics and parameters that characterize diffusive motions

(discussedbelow) may be obtained from the variation in intensity and

the width of the broadened quasi-elasticmaximum with scattering angle.

Before the width can be estimated from the broadened maximum, the low-

frequency inelastic contribution must be

the observed spectrum to obtain the true

BroclshouseQ2) and other~ 25) have noted

water near the quasi-elastic

The gas scattering spectrum,

tion, has been scaled to fit

estimated and subtracted from

quasi-elastic contribution.

that the inelastic spectrum of

peak resembles that from a gas of mass 18.

weighted with the incident neutron distribu-

te spectra in ihe region of the

elastic maximum and used to estimate and thus to subtract the

contributeon.

As vanadium scatters neutrons almost entirely in an

quasi-

inelastic

incoherent,

elastic manner, its spectrum yields the ener~ distribution of the incident

beam, Tne incident distribution of energies was so determined at each

scattering angle, and a typical example is given in Figure 2. The

primary Be Bragg (Be 100 plane) cutoff occurs at channel 165 (i.e.,

0.0052 eV). The fall off in intensity above channel 170 represents

the distribution of neutrons having,energies less than 0.005 eV. Addi-

tional secondary cutoffs due to Be and Al and BeO impurity in the beryllium,

determined by emission spectroscopy, appear between channels 13> to 160.

Other secondary cutoffs due to Al and BeO occur also above channel 168.

These maxima have ‘beenincluded

for the quasi-elastic analysis.

in the broadened incident distribution
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I

I It was found that the instrumental broadening and the shape of

!the dis ribution could be reproduced by folding a Gaussian resolution

.1
functio’ of a 32 p-see. width into the reactor spectrum which, for low

1
energies,,has a distribution of flight times, t, proportj.onalto ——~s.g

as shown’in Figure 1. This spectrum was further broad~ned by

“folding~

~
maximum,1

mum. Th,

shape be-

during tl

(a)

(c)

proposed

I

m“ I_orentzianfunctions of varying half-widths at half-

‘ (Figure 1), for comparison with observed q~asi-elasticrnaxi-

values of r were chosen to yield the optimum agreement in

een observed maxima and the broadened incident distribution.

I

d Computer Programs

Computer programs for the IBM 360 Model 50 have been developed

current contract period and are used for the following purposes:

To subtract the appropriate cell background as well as

contributions of gas-like diffusion of water molecules,

To select the Lorentz width, T, and shape fit the theoreti-

cal curve to the experimental points of

maximum,

To generate theoretical curves of r vs.

the Fure jump model or the more general

the quasi-elastic

K2 based on either

jump model and to

calculate corresponding values of the self-diffusion

constants, residence times, activation energies, and

Debye temperatures.

These com]uter programs will be applied

~periments and extended to other models

to the data of the

as warranted.
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Iv. PJZSULTSAND DISCUSSION—.—.

A. Wate~

Previous N.I.S.
[18)(21) .

investigations of water at 25°C have

reported the presence of a broad torsional component at about 46o cm-l

and weak lower frequency maxima associated with vibrations involvin~

stretching and “bendingof hydrogen

ments and previous results On DzO,

shown) taken in this investigation

bonds. In accord with these assign-

spectra for I-1,20-DP0Inixtllres (not

showed additional partially resolved

maxima at 425 cm-l and 360 cm-l. The ratios of these frequencies to ‘Jc.ose

for water are those expected for HDO and DzO torsional modes, respectively;

the intensity ratios correspond to the relative numbers of H20, HDO and

D20 in the mixture. The weak lower frequency ‘maximawere invarient under

deuteration. In the spectra of Figure 3, this broad torsional maximum

at 1°C appears composed in part of three broad, partially resolved maxima

at about 86@70cm-1, 5$)0~45 cm-l and 454~30 cm-l which are outside

statistical error and are sample dependent.

Indeed, Iarsson and Dahlborg(ii) reported asymmetry in the tor-

sional maximum in the neutron spectrum which they point out may indicate

the presence of another component at about 1.5 to 2 times the peak fre-

quency of the broad torsional maximum. They further argue that this

asymmetry is real and does not arise from multi-phonon effects, from

multiple scattering or from background. In like manner, Draegert and

WilliamL(24) report an asymmetry i% the infrared hindered.rotational

band which they note makes it probable that this band consists of two

or more unresolved components. Considering the uncertainties, the



I

12

Ifrequen ies of the three maxima in the neutron spectra of l?igure~ apyear

‘1
close t the three broad torsional components recently reported in the

RamarlQ’;)
(26)

and hyper-%man spectra of water at about 740fP5 cm-l,

550?25 ‘1 and 425*25 cm-l with full widths at half-muimum ranging

between i00-250 cm-l. These have been observed to shift as torsions

1
under de,teration and have, from symmetry considerations, been assigned

to four oordin,atedtetrahedral species with C2V Spetry. Both the Raman

1spectra nd t“heneutron spectra of Figure 3 show these components to de-

(27) has
crease i’ intensity with increasing temperature. Walrafen

1associat’d this behavior with the dis’torti.onand breaking up of the C2”V

I
species., Since the neutron spectra are not subject to symmetry selection

rules an all species would contribute, the presence of these components

suggeststhat the relative num”berof such tetrahedrally four-coordinated

species

,!

‘ay be appreciable at 1°C. With increasing temperature the three

maxima f:rst broaden and then disappear.

I ~ At +95°C (not shown), the median of the torsional maximum

was shif leddown by about 40 cm-~ from its position at l°C and only weak
I

)
vestiges of certain of the lower frequency maxima persist. These results

“indicate~hat appreciable association still.exists at 95”C. The shifting

t

and broa ~ning of the torsional maximum with increasing temperature corre-

lates wit the small increases in the average O-O distance and thermal

I

I

I

I

amplitude

1

observed by x-ray diffraction, an increase in the number of

non-tetra,edrally oriented, lower than four-coordinated water molecules,

and an in rease in anharmonicity and multi-phonon contributions due to an

increase n the average ‘thermalamplitude fluctuations. As discussed I
below, a

+
orresponding increase in the “diffusive freedom’~of H20 molecules



order while the latter reflect itiledifferent long-rmge ~~rfierin~

these solids,

In addition to the shif’~of’the torsiocal f’req.mmies,

inelastic nm,ximabroadened and decreased in i:n,tensityrelative to ice ij:!

the spectrum of water at O°C; this was particularfi y:L-oc~~:lcedfor [flaxLfx

below the frs~uency of the torsior,alcom.yonen’ksWhichj however~aypearpd

so strongly damped that any one-to-one correspondence tor he;ta:;o~~allee

(p~)
in that region must be considered tenuous. In aCCOY’d Th_j,~hl“@c~il-k

(29;(5~)(51~ shmTinG
x-ray diffraction measurements 4::1ElCSS M corr5la-

tion in O-O distances at about 1(3~ and tk yz-esenceof large tl~ermal

(29 )
amplitudes the damping and broadening may he associated with the

presence of strong anharmoni,:ityand associated multi-phormn cffect~,
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i

v?.+kti @ in ‘theboded species, and imperfections in the structural ori5..r-

ir!g0:?Tatera IndeedJ the Debye temperature observed for water {@D = 123°C)

j.~~oT~romp~,retlto the temperature at l°C implyifig a highly excited or

“kibt,latcic@” and large amplitudes.

The above results can be tentatively explained in termS of a

distorti n and breaking down of ‘tetrah,edrallyfour-coordinated species

1
tke Formation of a variety of species with lower coordination in

mann’r :proposedpreviously by a number of authors to explain both

(20)(27)(3~+3~&
spec roscopic and thermodynamic properties of water.

temyers.h‘h’es,four-coordinated tetrahedrally bonded species would exist

~.na poo:‘ly ordered, “highlyexcited and defected structure. Bound mole-

cules Wolld vibrate with large amplitudes breaking bonds and re-orienting

with thei‘realfluctuations, With increasing tem~erature, the equilibrium

would s’h:.ft toti-arda lower average degree of coordination. The relaxa-

1
tj.opof rloleculeswould occur at a faster rate. Thus, it would be

that ion having the proper steric size and not too high a charge,

csp+cial y a-tlower concentrations, fit into such a poorly-ordered

possible

might,

and

‘1
defected ‘ater structure. Others, with small size.and/or high charge,

could re~dily brea”kdown the structure and form new “hydration structures.”
I

Thedegre, to which an ion would modify the water structure could depend

on the va~iance of this structure with temperature.



B. The Inelastic Spectra of’Ionic Solutions

The spectra for neutrons scattered from H20 mclecules in ion,ic

solutions have been investiga-tedas a flmction of ionic size and charge,

of concentration, and of temperature. In all cases the sgectra showed

changes relative to water which depended on solute (Figures 4 - 14- ),

concentration (Figures 6: 7> 8~ 9 ), and temperature (Figures 13,14).

For certain solutes at lower concentrations the observed departures from

the water spectrum were smaller. To visually emphasize such smaller

variations, “difference curves” as obtained from a channel-by-channel sub-

traction of the water spectrum from that of a salt solution are also shown.

The low frequency (900 cm-l to 8 cm ‘1) vibrational syectra show

the following general features and trends:

At low concentrations many of the frequencies characteristic

of pure wa-herpersist with new frequencies characteristic of ion-water
the

interactions. With increasing concentration/formerfrequencies give way

to the latter in a manner specifically determined by the ions. Evidence

for the co-existence of water-cation coordination,sand of’water structure

have been previously reported. Beck(9) and Danilow and Neu,m,rk
[57) ~al,e

argued that at lower temperatures the radial distribution functions of

number of salt solutions retain maxima of pure water. R~cent infrared

measurements
(24)

on alkali-halide soluticns show that while spectral

a

changes due to ion water

that of water. Evidence

water structure has also

interactions occur,the ,sp&ctrain part rescrnbl@

for the co-existence of hydrated ions with pure

come from the P.M.R. studies of Fabricand et al
(@)
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!1
owl-l &ectrOlytes+ They argue that the H20 molecules

ha+e ne ly the same proton relaxation rate as for pure

tion Ill.and Yagil(39) interpret the ()’7shift. fOr ~.~

not near ions

water. In addi-

elect~olytic

solution to indicate that direct i.on-adjacent-J&Ointeractions and not

!1
overall “hanges of the solvent structure are involved.

With increasing concentrations the inelastic spectra of aqueous

solution’ containing small and/or highly charged ions show the most pro.

nounced epartures from that for pure water. In the spectra of 4.6m

solution

1

of LiCl, KF and MgC12,and in 3.5m solutions of LaC13 (Figures 4

and 5) n w maxima aPPear in the 800 cm-l to 200 Cm-l regions at similar

{
frequen,c.esto those observed

(10)
and assigned

(X2)
to “rocking, twisting,

1and waggJng” vibrational modes and the H20-ion stretching frequencies

1
of 1+20m~lecules in the corresponding solid hydrates

correspo,clenceof frequencies is not implied as both

I ?

this fre ency region and the weakness of certain oi?

(TableI~. An exact

the

the

‘1
the’solidhydrates and the liquid precludes a one-to-one

However, he similarity between the spectra of the solid

solutions wit’hincreasing concentration is emphasized in

dif~erenc curves of Figures 6 to 9 . In like manner,

resolution in

lines in both

correspondence.

hydrate and the

the spectra and

such a simi-

‘1
lar~ty is~also shown in a comparison of the spectrum of solid LiN03.3&0

(Fi&re 9 ) with that of this salt melted in its waters of crystallization,

In a’dditin, for other salt~,similar changes are observed which correlate

with ion ;‘~izeand charge as illustrated by the spectra and difference

curve in ~htprogressions of Figures 11 and U. As shown, changes

the inelaStic portion of the spectra are accompanied by significantly

large than‘gesin the quasi-elastic region, The departures from the

spectrum qf water increase in the progressions:

in

I
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(1) KI< KBr< KC1< KF; with decreasing anion size.(Figure 10)

(2) NaCl < CaC12 < IaC13; with increasing cation charge for
nearly the same radius (Figure 11)

(3) CSC1< KC1< NaCl< LiCl; with decreasing cation size for
a given charge (Figure 12)

The increase in the quasi-elasticmaxima with decreasing size

and increasing charge reflect decreases in the diffusion coefficients

and increases in the residence times and the Debye tem~eratures (as will

be discussed in Section IV(C)).

The observed new frequencies in solutions are similar within

resolution to those reported for &O-cation frequencies in Raman and I.R.

spectra (as shown in Table II) which have been associated with short

(2.0 - 2.2 ~) coordination distances and strong, partially co’valent-H20

(M) (10)(40)cation interactions. The larger anions of low charge primarily

perturb this &O-cation interaction by forming weak hydrogen bonds. At

concentrations of 4.6m and above (having 12 &O molecules or less per

salt molecule) these strongly coordinatedwaters in the primary hydration

layer should

The

diffraction,

Beck,‘9) and

contribute significantlyto the spectrum as observed.

above results are in accord with those of previous x-ray

Raman, ionic mobility, and electronic transition measurements.

Danilow and Neumark(;7) have argued for the co-existence of

“hydrate-like”and “water-like” regions at low concentrations. At higher

concentrations evidence has been cited for a local hydrate-like ordering

for a number of salts including IaC13, LiCl, MgC12 and KF.
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IAs noted by McCall and Dou~lass
(42) ~43,(44)(38)(45)(46)

and others, such “hydrate-like”

structur s are quasi-stable and HpO molecules have finite lifetimes for

exchange

I
~ In addition to a strong cation-&O interaction in the primary

t

hydratio’ layers, a pronounced increased rigidity in the bonding of

seconds
~

or higher hydration layers may also be caused by ions having

1large ch rge-to-radius ratios; this effect is more significant at lower

!concentr‘tions. Thus, small or highly-charged ions rapidly break down

4the stru ture of pure water and form strong ion-water local coordination,.

1similar t those found in solid hydrates. In addition, a strong electro-

striction of HPO molecules in higher hydration layers may result whj.ch

Fgives ris’ to ahigher activation ener~ even at lower concentrations, as

the overa~l bonding strength of the H20 molecules

I

+’the H20-H’O bonds in pure water. Indeed, it will

pending c$anges observed in the diffusive freedou

would be stronger than

be seen below that corres-

of l&O molecules strongly

I
( 17)

sup~ort t’ese observations. Frank and Evans have argued for the

existence of a “super-lattice” structure in solutions of both IaC13 and

4EuC13, an, that the influence of a highly-charged caticn on the fluidity

‘1
of the so:ution provides “a

the icebe g it forms around

“ice$erg ilding tendency”

the new sqectral maxima for

or well-de ined as those in

certain mechanical strength or rigidity in

itself.~ They also pointed out that the

occurs in LiCl and KF solutions, although

the latter solutions are not either as intense

the spectra of the LaC13 solution.

)s shown in Figure 13 for the case of a 3.5m

the new no -water frequencies persist but in,creasinEly

LaC13 solution,

broaden with both

n
increasing scattering angle and temperature. ‘Theformer broadening is

I

I

I

I

I
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probably due to an increase

below and in more detail in

in multi-phonon contributions as discussed

Appendix II. The persistence of these fre-

quencies with temperature is in keeping with their assignments to vibrations

of H20 molecules in primary hydration complexes with stronger bonding than

for pure water. Similar results were obtained for the MgClz, KF, and LiCl

solutions.

In contrast to small or highly-charged ions, solutions of large

ions with low charge (i.e., CS+, K+, Br- and 1-) have spectra in which

existing water frequencies are primarily broadened and smeared out at lower

temperatures. As will be discussed, the diffusive freedom of H20 molecules

is also increased relative to pure water. Thus, the water structure

appears to be ‘fieakened”or broken down and replaced by a weak coordination

due to such ions. However, at high temperatures where a greater thermal

disruption of the structure has

ions may be to form complexes.

diffusion data, Hertz et al
(47 )

tendency of many of these salts

also occurred the primary inflnence of the

Thusj from nuclear relaxation and self-

have noted that the structure-breaking

is very much stronger at low temperatures

than at higher temperatures. Such local complexes would be quasi-stable

and &O molecules could exchange between them on a time average. The

neutron spectra at high temperatures also show partially resolved torsional

components characteristic of water-ion interactionswhose frequencies

depend on both cation and anion. Thus, in solutions not having one small

or highly-charged ion, both cation and anion can strongly

coordination. Walrafen08 ) has reported the observation

frequencies similar to those for the solid hydrates for a

affect water

of vibrational

number of l-l
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+salt so tions.
(49)

The intensities and frequencies of these components

/

did not appreciably change with temperature and showed a strong anion and

we~ cation dependence. They were thus assigned to ion-water interactions

in,the irst hydration sheath. The orientation of H20 molecules in the

&O-ion ~cmuplexhas been reported by Iawrence and Kruh.
(50)

It has been

shown frlm x-ray diffraction on solutions of 1-1 electrolytes that the

ca~ions

1

re positioned on the dipole axes of the H20 molecules and the

1anions o’ the O-H ax~s. Ordering about a given ion occurs which in general

is ,large for anions than for cations.

~ As noted by Hindrnan,(51) Grayson,’52) and others,’53) with in-

creasi~’ cation size and decreasing charge, the cation-water interaction

decreaseP and the cation-water coordination approaches the strength of

Hzo-k o \;oordinationin pure water. However, increasing radius of mono-
I

valent a$ions also weakens the anion-1~0 interaction relative to the bond-

ing in pilrewater. Thus, the average activation energy for the bulk solvent

may,be s]‘~allerfor salts like CSC1 and .KC1relative to pure water, while

I
the~primry cation-hydrationwith strongerbending and more unique coordi-

1

nations t

I
quencies

noted. 1

iions frc

broadenir

inelast~.c

for Ture

or break

t~.oll1“12,7

m pure water may also exist and give rise to the observed fre-

haracteristic of ion-wa,tercoordination.

In this regard the concentration behavior of KSCN should be

4.6rrI the spectmm of the KSCN solution showed only-small devia-

the spectra of pure water in the inelastic region and an increased

of its quasi-elastic peak: In contrast, at 18.5rr., weak new

Frequencies appeared and the elastic maxhmm was sharper than

a,ter. ThuS, in the above sense, KSCN acts to i~~itiallyloosen

}~estructure of water and ther:)at hi~h conce~ltratiorltiits solu-

~tmcture in which thr 1~20molecules are more rigidly “bonded



than for pure water. It has been

the nearly linear SCN- ion may be

(6)
suggested that, in contrast to Br- and 1-,

incorporated into channels and hence does

not break down the water structure as rapidly due to its weak ionic bonding and con-

sequentlyweak negative hydration. In accord, a tentative explanation,for

the observed features would be that at lower concentration, the K+ and SCN-

fit into the water structure but slightly distort it so as to lower the

activation energy and increase the diffusional freedom. At the hi~h concen-

tration, the water structure Would be broken dawn and only the primary hydra-

tion-waters, more tightly bonded than in pure water, would be observed.

As for water, the presence of diffusing molecules and large

vibrational amplitudes indicate considerable anharmonicity (hence, of

higher phonon terms) in.the spectra of their solutions. This is particularly

true for the more dilute solutions where contributions to the spectra may

arise from &O molecules beyond the first hydration layer of the ions.

Thus, at best, the “quasi-hydrate” coordination discussed must have finite

(42 )lifetimes in the sense discussed by McCall and Douglass, but these may

vary strongly

The copdition

scattering of

by

As /K/2 = ko2

decreasing p.

with the ion as discussed by Jackson, Lemons, and Taube.
(45)

for the use of the one-phonon approximation for the inelastic

a neutron from harmonic oscillator of frequency u!are given

(kT)
<< 1

PM (~) -hLIJ

2 2kok cos fi,then+kf- /K/’ and~ ~
2M “ mm decreases with

Where /K/2 is the square of the momentum transfer, k. and
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k are t.,heinitial and final momentum
fi

M IS thEI mass of the scattering unit,

1scatter ng angle. Therefore spectral

22

vectors for a neutron respectively,

T is the temperature, and # is the

maxima corresponding to “one-phonon”

peaks wcndd be most pronounced at small angles and lower temperatures (see

Appendi>: II). Indeed, such behavior is observed for the “quasi-hydrate”

fr~qyen ies (rigs. h&l~ which become significantly sharper and better defined

at small.erangles and at lower temperatures. In like manner, it is seen

in FiSz.4 to 10&12 that small an,d/orhighly charged ions sharpen the hydrate

peaks WP.ilelarger ions of lower charge broaden ion-water frequencies. In..

additior., changes in the broad background due to ions are evident at the

smaller val-uesof h,m. Thus, the difference curves for LiCl and NaCl are

negative, indicating a reduction in the multi-phonon background relative

to pure hater. In contrast, the difference curves are filightlypositive

for CSC1 and KC1 between channels 100 and 140, indicating an increase in

multi-phonon effects. ThuS, small or highly-charged ions which form hydrate-

1
like cooordinationsalso decrease in higher phonon terms corresponding to a

I

decrease in anharmonicity, or an increased binding strength for H20 mole-

cules. lhe reverse is true for large ions which ’~oosen”the water struc-

ture and decrease the average binding potential of the water molecule.

I The above inelastic neutron scattering
I

tj.;ncan be viewed in terms of “structure-making”

concepts and in terms of “positive” or “negative”

results for ionic solu-

or “structure-breaking”

hydration as given by

‘54)(5?~r the salts with small or with multiple-charged cations%moilov .

(i.e., A.‘-+3,La-~3,Mg+2) the strong coordination ion-water interactions

cause a+::eduction in anharmonicity in average vibrational amplitude, and
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in the diffusional freedom due to electrostrictive effects. Such ions could

be termed as positive hydrators

energy relative to pure water.

(CS+K+, T-, Br-, SCN-) at lower

and would increase the average activation

In contrast, large ions of low charge

concentrations primarily broaden the fre-

quencies of pure water, increase the anharmonicity average vibrational

amplitudes and increase the diffusive freedom acting as negative hydrators.

Such ions would loosen and break down the water structure and would not

restrict large numbers of HP’ molecules or form as strong a H20-ion primary

coordination as small or highly-charged ions. In addition, for salts that do

not contain a single very small and/or highly-charged ion both the anion and

the cation appear to play important roles in determining the ion-water

coordination at higher concentrations.

The quantitative analysis of the quasi-elasticmaxima will now

be considered. Indeed, it will be seen that these results sup-portthe

above observations and conclusions based upon the inelastic portions of the

spectra.

c. Diffusive Motions of H20 Molecules in Water and Ionic Solutions
(The Quasi-Elastic Com]onent)

Both the ‘widthsand areas of the diffusively broadened incident

lines for the ionic solutions show pronounced variations from those of water

(Figures 15 & 16 ). These changes correlate with those observed in the

inelastic spectra. The following general trends are observed relative to

water:



(1

(2

(3

(k

(5

(6

(7
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For cations of essentially the same radius, but differing

ionic charge, the quasi-elastic area increases regularly

with increasing charge} i.e.j NaCl < CaCk < L3C13

(Figure11) .

For cations of a given charge, the area increases regu-

larly with decreasing ionic radius, i.e., CSC1 < KC1 ~

NaCl < LiCl (Figure12); SrC12 < CaC12 ~ MgC12; and

IaC13 < A1C13.

For salts with common cation the area increases regularly

with decreasing anionic radius, i.e., KI < KBr < KC1 < KF

(Figure10 ).

For monovalent anions the above variations are consider-

ably larger than those for monovalent cations,

(Figure 10 vs. Figure U ).

With increasing concen@ation, there is a regular increase

in the size of the quasi-elasticmsxima (as fox KSCN, LiCl

and for KF and MgC~ in Figures6,7& 8 ).

For small and/or highly-charged ions (i.e., La+3~ Al+s,

Mg+2, Li+, F-) the width of the quasi-elastic msxinmm

narrows relative to water with increasing concentration.

For large singly-charged ions (i.e., Cs+, K+, Br-, 1-,

SCN-) the quasi-elastic maxima are broadened relative

to water. At

come narrower

higher concentrations of KSCN it can be-

than for water.
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In general, an increase in the area of the quasi-elastic

maximum, as discussed quantitatively below, reflects an increase in the

average Debye temperature (or a decrease in the average vibrational ampli-

tudes) of bound water molecules due to ion-water interactions. Tn like

manner, a narrowing of the quasi-elastic peak reflects a decrease in the

diffusional freedom of ~0 molecules. Thus, the relative changes in the

area and the widths of the quasi-elasticmaxima correlate regularly with

ionic charge, size and polarizability.

For water and certain salt solutions the quantitative dependence

of the half-width at half-maximum on the momentum transfer squared (Kz)

[Figures 15 and 16 ) tiavebeen

determined. As described in Section 111, a full multi-phonon or “gas

model” cross section with a mass of 18 was used to estimate and to sub-

tract the inelastic background under the quasi-elastic peak. After back-

ground subtraction the shapes of the curves were found to correspond to

Lorentzian broadening of the incident ener~ distributions to within

statistics (Figure2 ). The values of r were chosen to yield the

optimum match in shape between the observed quasi-elasticmaxima and the

Lorentzian broadened incident energy distribution. The principal features

of the r vs. K2 curves are:

(1) For water at 25°”C,the widths of the incident line as a

function of scattering angle are in numerical agreemem.t

with the results of Iarsson and Dahlborg
(18)

and with

recent high resolution studies of Bojarik et al. (56) No

(57)non-instrumentalmaxima, of the type previously reported,
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were observed in the immediate vicinity of the incident

~ line. All weak maxima which were observed in the region

of the “quasi-elastic”peak appeared to be instrumental

I and persisted in the spectra of water and of ionic

solutions. Their origins in all cases could be related

to prima~y or secondary Bragg cutoffs of impurities

(d~terminedto ‘bepresent by emission spectroscopy)

I present in the Be filtdr or of materials in the flight

I path (see Figures 2 and 4).

(2~ For Ionic Solutions

(a) At 1°C and 25°C the solutions of IaC13, MgC12,

~-, and LiCl, which show “quasi-hydrate” inelastic fre.

I
C&encies, have F vs. K2 curvesI (Figure 15) which lie

I
below that of water and which are flatter at larger values

of’K2

In,contrast, for solutions of CSC1, KC1, and KSCN

the ~ vs. K2 curves lie above water, are less flat, and

~
are increasing at larger K2 values. At small K2 values

all the curves approach the origin as ~ =~DK2, as

I expected for stiple diffusion.

I
(“b) with increasing temperature (50° and75°C), the

I P vs. K2 curves (Figure’16)become less flat at high K2

~ val,uasand approach a more linear behavior for the

“structure breakers” (i.e., CSC1, KSCN and KC1).



The full solid curves in Figures15 and16 re-p~esent,a Ti-tto :jha

r vs. K2 curves by the simyle “jumy-diff’usion”limit of the general Singtii-

(53)
Sj81ander model as given by

.-2W~s .;y,e
To is the residence time, D is self-diffusion coefficifin-b,and ~

Debye-Wailer factor.

The Debye-Wailer factor was first obtained from the angular

variation of the quasi-elastic area (as described below)- ‘iTal~].es G ~ ~

2

and To were then chosen to yield the optimum fit to P vs. K and “Gominimize

residuals. To is primarily determined by 1’at large K2 values where

r + kl/T~. As e-’w ‘1s close ‘CO‘cmity,Dis mainly detcrmiued by the slope

at “theorigin. Figure 15 shows that agreement is o’btainedfor the daia

at 1°C, 25°C and certain of the data at 50°C, with th~ jump diffusion model

which accounts for the functional shape of ~ vs. K2 over the observed range

of K2 values and give values of D and To in numerical apyeement with those

obtained by other techniqms (TablesITT&IV).Tncontrast, at nigher tempera-

tures.the validity of this simple model is subject to question as considered.

below. Solutions of salts like IaC13, MgC12, ~ and LiCl which -,;ith,in-

creasing concentration shuwed the rapid growth of frequencies in the inelas-

tic spectra similar to those of the solid hydratas, cause a pronounced de-

crease in D and increase in To. This undoubtedly arises from an increase

in the activation ener~ and reflects, in part, the stron~;cation.watfir

coordination in the primary hydration layer and, in part, stronger hydrogen

bonding and polarization forces in higher hydration layers. Frark and
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I
)1 .lz’wcommented tha-kthe size of a frozen patch decreases in the

ulated.from the electrostr~.ctiveinfluence of ions in solution

number of water molecules in the “iceberg” about

‘-3,Yb+s, Er+3, He+a, Fe+3, Cr+3Nd
+3 .

and Al 1s nearly

.+ -!-,2 -Fp
Ll y T% , S:r ~ Ca’+2and Mg? A..lso,J“acksmJ Lemcmw

()+J)
e have shown f~(lil F.M.R. studies that exchange of water between

~rlt,?md the hytiation shell.is much slower for .ll-i”3,Ga+3 +2
and Be

.;.~, +2 +-2 .+3ME ~, sll+~,Ek ~ Hg afi~B1 . From an x-ra,ystudy of LiCl solu-

(~)
a,qy has ccncludmd.that ;.,i+ is a highly hydrating

g the solvent.more thzn,Cl-. I,i+gives rise to most

4
ion with”Li’

orientation

s~~u.t,i~nsof s,alts I.ikeCs(!land KSCN which primarily

frequencies of pure water and showed no pronounced

cenci~s at these concentrs,tionscause am increase in 1)and a de-

I“iTO. Hence, such salts break or ,loospnthe water ,str”uctureand

dzcrea,sein the activation energy,

Fl”om.T’a~UesOf’To and :~,
,,.

an estima,teof the “jump-lengths” L

~2
btain.ed.from the relation D = ]./6~ (as ,qivenin th~ories of

~,~::and of lll”utinia,rlmotion). In the ‘~jwp-diffusion.”model there

plicit distinction between jumps of an entire H20 molecule and re-

i.cn.jumps irwnlvirAgthe breaking of a hydrogefibond and a re-

icn of c~.eOr more protons of a H,O molecule. The f’onnerwould

1 d~.stanceabcut.that of an O-O distance in water (3 ~) or would

1
be characteristic of equilibriwn wa;terFositions for a given solution;

the avarl,~edistance due to a rotational jump could be shorter. The
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jump distances at 1° and 25° for most salts and water are less than 3 ~,

typically about 1.5 ~. In addition, while large variations in both D and

To occur with different salts, the values of }2show little variation and

could be plausible if the “jumps” corresponded to rotations or at least

combinations of rotations and translations of ~0 molecules.

From the relationships
64)

~=~oe
+U/kT

and D = D. (u/k’,

estimates of the activation energies of hO molecules were made. These

vary from 2.6 kcal -permole for water, to 3.0 for KF, to 3.4 kcal mole for

I’QC12 . While these values will be considered as approximate in view of

(45 ) (48 )(54) (59-61,
the present accuracy of the data,‘theirmagnitudes are reasonable.

Estimates of the ener~ to break a hydrogen bond vary ~rom about 2.8 kcal

per mole(48) to 3,7 kcal per mole
(62)

for water. T7alievand

Ehel,ya,nov@3) reported from syin-echo measurements that Mg+~ ions increase

the activation ener~ relative to water by about 2.6 kcal per mole. The

activation energies for H20 molecules in KC1 and KSCN solutions appear

slightly lower than that for pure water in keeping with their role as weak

“structure-breakers.“

The jump diffwsion limit requires that the area of the quasi-

(63) e-2w
elastic maximum to be proportional to a Debye-Wailer factor, 9

where 2W = l/6K2R2 or 2w~ K~(= . ~). Hence, as K2 varies as

sin’ ~/2, the area should show a s~ecif?c angular variation which was

indeed observed. From the angular variation of the quasi-elastic area,

values of F?, the mean-square displacement of vibration, or of O , effec-
D

tive Debye temperatures were obtained. The values of R are typically

0.5 A and are reasonably large compared to the average O-O distance of

about 2.9 ~ in

systematically

OD varies from

water. For the structure-makers,the values of @D are

higher than for pure water. Thus, for solutions at l°C,

150°Kf15°K for Ture water to about 200°K~150K for MgC12



a?d MC s.
-1

In,contrast, BD for the structure-breakers

of’the

I

alue for pure water. The low values of k@D as

the ave age vibrational amplitudes compared to the O-O

charact .risticof an excited or “hot lattice” in which

30

occurs within error

compared to kT and of

distances, are

HzO molecules vibrate

I

I

with la~ge wnplitudes and bond dissociation and re-orientation of molecules

1
can occ r du~ to thermal fluctuations. These features are consistent with the

anharmoricities and multi-phonon effects, as discussed above. The presence

of the

‘1

‘ens with strong field (i.e., Mg+2, La‘3, F-) causes a decrease in the

anharmo icity and an increase in the Debye temperature. The magnitude of the

value of”G
D
obtained for water is in reasonable agreement with those pre-

viously (20)eported, In addition, it is of interest that both the direction

and the agnitude of the increase in the @D observed, correlate with the

glass tr nsition temperatures and their dependence on salt concentration

observed by Angell, Sare and Bressel.
(64 )

Egelstaff(65) and others(68)
I

‘1
ha~e poilted out that the simple jump diffusion model may not be applicable

for,larg K2 values and at higher temperatures in water where recoil and a

fre!epar icle ‘behaviormust also be considered. The experimental problem

/

for the arger

to flatt n and

and, hen e, an

values is therefore whether the observed tendency of r

approach a constant value indeed reflects a delay time

approach to P = ?i/To (in accoxd with the jump model) or
\ 4whether appreciablecontributions from a “free particle” behavior are also

‘1occurrin ,. Contributions from a “free particle motion” should cause a

departure from a Lorentzian shape, but background and statistical errors

Pcould pre lude small but significant variations from b~ing detected.
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I-Iowwei-j ,
.r..i

~,~pa,~~uresShould also occur from the specu lC ~em.pera-

ture be>laviorfor the ~ ‘V-S. K2 curves of the simple jump model which can,be

observed (see AppendLx II). For this purpose, it is conven~.ent to express

ths observ?d dependen.c~of ~ vs. K2 in term of the dimensionlessparameters

%DK2
~/kT = y and ~ = x, for a series of temperatures. The simple jump-

di:?fl~sionmodel then ‘becom~s
m. e-2w

r
J’ ‘— L1 -

kTTo
1

-c&T 1-
‘* x

Th6n, for small x (i.E., small K2) y = x, ind~p~ndent of temperature a:od

corresponds to the simple diffusion lfiit. The “jump model” passes to this

“r~~ Iticii.Ions 1,~–. HoweV-er,for s~.or’~er.ou,qb.time intervals (large Kp values)

(65)(6611~~e~ ~,free particle.the motioj.nmust be more similar “Lot~p~atOk

simp:~ jump modal does r:otpass to this limit

have been Froposed that mass to both li~its.

correctly. Various models (63)(65)(66)

‘ThRyestimate that a “free

par-t~~~~” ‘oeha”viorTwouldcontribu’~~ic the quasi-elasticbroadenin~ when

iK2E%
the parameter k~ (the ratio of ‘Lhecharacteristic correla-tiontime for

H,iree ~article to that of difjh.sicll;no’tion]is not small compared to unit

‘2; of the mas,sM or of I). In ~rinc~.pie,the mass Mas f~~”~Large ~-a~ues of 1<

~le~i 120b 13P the mass of an individualwat?~ molecule but co’dd correspond

to th~ total m-asscf the water molecules ti-ithina range iriw-~-ichthey move

‘)! /’r-

in a corr~lated manner.
(cl Thus,

TESS co-old.be the ‘Iclustermass.!’

the exis+,er!.ceGf’ clusters.

if discr&e “clusters”were to exist, this

However, i-tdoes aot necessarily imply

‘72/kT,the vzlue of 17/’kTincreaseswfthFor large values of+iD!\

temperature fo~ a jump diffusion model, buzy in generalj de-

significant coniributicn from free particle limit is present.
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(1

(2

(3

I

~

(4

From the observed dependence of

the following general trends were

For the smaller values of x, all

32

y vs. x at l“C, 25°C, 50°C,

observed:

the curves approach the

straight line, y = x, characteristic of simple diffusion.

Thus, all temperature values of D (listed in Table 11~

were extracted assuming ~ vs. ?iDK2at the small K values.

In all solutions of salts at larger values of x, y departs

from and falls below the y = x line. However, at these

larger values

going from 1°

havior of the

Above 27° for

the values of y for most salts increase in

tO 25° in accord with the temperature be-

jump diffusion model.

most salts, “an inversion temperature” is

reached such that a further temperature increase then

causes y to decrease as expected for significant contri-

bution from free particle behavior.

At and above this inversion

temperature validit~-of the simple jump model is question-

able. The “inversion” temperature is characteristic toa giv<n

salt,occurring at higher temperatures for structure-

makers like I_aC13and MgC12. In contrast, water has an

inversion point near 25°C, an,dKSCN shows no temperature

behavior characteristic of jump diffusion above l“C.

For “stmcture.breakers” like KC1 and CSC1, a free

particle .contributionis observed below 25”C. However,

at temperatures above 50”C, an increase in y with

temperature is again observed.
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No attempt will be

observations as modelscapable

the observed features and the

ture regions where the simyle

made here to account for all of the above

of quantitatively explaining uniquely all

specilic ion dependence in the tempera-

jump model fails are lacking. However,

if it is assumed that in addition to jumps of i~dividual molecules, groups

of ~0 molecules can move in a correlated manner, a qualitative plausible

justificationfor some of the above trends can be obtained. As emphasized

above, it is not

or “icebergs.”

of molecules are

assumed that such grou}s are well defined “clusters”

‘Theyare defined only in a “dynamic’’.sensethat the motions

not independent but comprise the motions of a number of

molecules described by a correlation function within an average range.

An increase in either the correlationmass or the associated D

K2@M
for such a group can increase the parameter — kT

and, hence, cause a

departure from a simple jump model. TIIUS, in water above 25°C, and in

4.6m KSCN above 1°C, motions of correlated groups may be occurring and

contributing to the quasi-elastic syectrum, KSCN may weaken the water

structure and increase the freedom of such groups even at 1°C. In

contrast, small or highly charged ions like La‘3, Mg+2 and F- restrict the

motions of such groups until a higher temperature is reached. Indeed,

such ions can form strong ion water coordination and increase the activa-

tion energy of molecules even at low salt concentrations. In contrast,

CSC1 and KC1 at 4.6m (X2 H20 per ion pair) may rayidly break up the water

structure including any correlated groups so as to decrease the mass in

the above parameter faster than any increase in D with increasing tempera-

ture so that it approaches the simple diffusion as 71 (time during which
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s diffusion takes place) increases compared to Yo. While this

explanat~on must be considered as tentative, it appears that fo~ amy mockl

that con iders correlated motions the effects of both ions and tempera-

ture on ‘ihedegree of correlation must alSO be considered.

v. s@ WY AND CONCLUSIONS

i

liimerousmodels have been proposed for the specific strmcture

and orde ing of the associated ~’clusters”in water. While the neutron

scatteri g results do not provide a unique and de~initive determination

of such s ructures, they do, together wit-hrecent l%man and x-ray roeas’ur~~..

ments,pro ide additional information on certain.charac-~eristicsd tlhesp

units. E en at 1°C water structure must be considered as a highly excited

or “hot-1 ttice” for which the t“hermaltemperature is much above the effec-

tive,Deby, temperature. The bonding of H20 at 1°C molecules has decreased

,/

1’
relative ‘o

ties y~-~
!“

observed y

1{vibr~tion 1

ice causing an abrupt downward shift in -Lhctorsional frequen-

reflects the increase in the nearest nsighbor O-O d,istarme

x-rays. The potential of molecular “bondingis anha,rmonic;‘the

amplitudes are large; bonds are breakins by thermal e:nergy;

!

and ~ump r

I b

-orientation of H20 rnoieculesare occurring-. A-Ll°C ih~

!1
librationa frequencies o“bservedby N.I.S. Indicate t-hat,an,a,pprecia-ble

number of our-bonded species exist; such species have ‘oeenobser-vedby

IRanad. Wi,h increasing temperature, the broadening and d.ow-nward,sh~.f’~

I
of th~etor;~ionalfrequencies indicate a displwement of the ec~uilibrium

(53)
of sp~cies toward lower coordination in accord with the models of Nemath.y

[

and s ~h,erJ~ )
and Vand and Senio~56),. The relaxation rates for breaking



35

bonds and jump orientations are also increasingwith temperate. However,

vibrational frequencies and vestiges of translational frequencies appear

even at +95°C indicating a considerable degree of association still persists.

At lower temperatures the diffusion kinetics, the relaxation times and the

diffusion coefficients can be quantitative~ explained on the basis of

structural re-arrangements involving the breaking of bonds and subsequent

activated jump relocations of individual molecules.

The neutron scattering results for the ionic solutions support

the concept of hydration as both useful and valid and are in agreement

with the recent conclusions of Walrafen.
(48 )

Hydrated complexes exist for

which the bonding and coordination is,determined by the ions. At low con-

centrations, frequencies of pure water and of hYdrated iOnS can CO-exist”

The former rapidly give way to the latter which intensi~ with increasing

concentration. The degree of the disruption of water structurewith in-

creasing concentrationuniquely depends upon the specific ion-water inter-

actions. Small and/or highly-charged ions which form strong ion-water

bonds break down the

orderings similar to

ordering in both the

water stmcture rapidly and form complexes having local

corresponding solid hydrates. This similarity of local

solid and concentrated liquid states reflects the

presence of strong, unique ion-water interactionswhich,may be partial~

(14 ) (I2 )(40 )
covalent as suggested by Plane and others.

Iarge ions of lower charge also break or weaken the water

structure “butin contrast to the small and highly-charged ions, form more

weakly coordinated complexes. For such ions the strength of primary HpO-

ion coordination in any complexes may be either weaker or stronger than

between molecules in pure water, and are determined by both anion and
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fects.

The present measurements

36

show that the type of complex strongly

s the diffusive mobility of the water molecules. Certainly at

peratures the concept of “positive and negative hydration” of

54)
can be used to characterize changes in the diffusion of H20

olecules due to ionic solutes. The motions of bO molecules in

c solutions can be described in terms of activated or delayed

which the magnitudes of the self-diffusion coefficients and of

ence times are both primarily determined by changes in an activa-

W. The small or high~-charged ions, which form “quasi-hydrate.

ion-water cooxdinations raise”the activation ener~. In contrast,

s of low charge lower it. In like manner, the former increase

temperature and lower anharmonicitywhile the latter decrease

temperature and increase anharmonicity. These results suggest

iegree to which ions break water structure and “reinforce” or

ihe binding of solvent molecules at low concentrations

is directly related to the ion-water

Lch give rise to the formation of the above complexes. Future

~ions on the concentra’ciondependence of the diffusive motions

]videmore definitive information on this subject.
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w. Fummx WORK

The neutron spectra for

“structure-breaking”salts will be

selected “structure-making”and

studied as a function of concentration.

The proposed measurements will be carried out at l°C for the

following reasons:

(a) At low temperatures the jump-diffisionmodel for water

molecules in

(b) The spectral

ionic solutions appears valid.

differences are enhanced at lower observa-

tion temperatures.

These data will provide information on the concentration depen-

dence of different salts for modifying the water structure, for forming

hydration complexes, and for modifying the diffusive kinetics and related

parameters. At low concentration, informationwill be obtained on changes

in the coordination,binding, and diffusive motions of solvent water due

to specific ions. The rate at which complexes are formed aud the dif-

fusive motions modified, with concentration,would be obtained. Self-

diffusive coefficients, relaxation times and activation energies as

function of concentration, could be derived. At higher concentrations,

information on the structures, binding, relaxation times, and activation

energies of prima~ hydration waters would be obtained.

Data will also be taken for salts having different anions but

similar cations to those already studied. It has been reported that in

solutions cations with strong fields perturb the strength of the hydrogen

bond with the anion.
(10)( 40)

For cations with weaker fields, the results
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neutron measurements to date indicate that the anion plays an important

the coordination and the kinetics of water

ready taken for many chlorides, measuraents

Imolecules. To supplement

of three monovalent salts

CsBr, KI, KBr) will be made in order to determine relative “structure-

~“ effects of the anions and the formation of non-water-like structured
I

Measurements are also proposed Tor two other salts for the purpose of

gating anionic changes (La(N~)3 and LiN03). It is ex~ected that N03-

ification of the Ia+3 super lattice noted by Frank
(17)

can be observed.

tion, the high volubility of these nitrates in water allows the prepara-1

solutions with low water-to-ion ratios, so that the structure and

Fcharacteristic of water in the primsry hydration layer of a strong

“struct-Ire-makingt’cation can “beobserved.
I
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TABLE I

PARTLAL SUNMARY OF RESULTS ON THE STRUCTURE OF HYDRATED SPECIES

JUTEIONIC AQUEOUS SOHJTIONS

TECHNIQUI - SOLUTES INFORMATION OBTAINED

X-RAY

Ag(N@), pb(N%)2
Ba(NO~)Z, Th(N03)3
U02(N03)2, LiI
RbBr, LTBr

(a)

KC1, NaCl, LiCl (b:

LiCl, Li13r,RbCl

KOH, KC1

firC13and Er13

(c)

(d)

(e)

(f)

Th+3 and U@
+,2

have a regular or “super” arrangement
in the liquid. The ions are surrounded only by H20
molecules. Ag, Pb, and Ba nitrates shuw a large
fractio~ of disassociated(gas-like)molecules. 1-,
Br-, Rb show no arrangmnent but only a broad inter-
ference between heavy ion and surroundingmolecule.

At low temperatures these solutions showed the second
maximum in the radial distribution curve of pure
water which is interpreted to show inhomogenous
structure at low temperatures,with “water-rich”
regions.

4.0 and 2.58 molal LiBr and RbBr retained the prin-
cipal diffractionmaximum of water. In more concen-
trated solution (i.e., 13m LiCl) the structure of
the solutions resembles that of the corresponding
hydrated salt.

For KOH, the K+ substitutes for an H20 in the quasi-
tetrahedral water structurewhile the OH- occupy
interstitial positions. For KCl, the Cl- breaks
down H20 structure by distorting the tetrahedral
coordination and squeezing out H20 molecules.

The water structure is broken by Li+ ions. Hydrated
Li+ then pack around Cl- ions giving a hydration
number of 8-9. The hydrated Li+ ions have four
water molecules in a tetrahedral configuration
about the ion.

H20 molecules are firmly held in an octahedral
arrangement around the Er+3 ions. There is evi-
dence for an “ice-like” ordering of H20 molecules
resulting from the higher degree of orientation
about t-hecation.



TABLE I ((

TECHNIQUE -

X-MY (cor

2.5, 5.0
LiCl, Lil
and CSC1
2.5 and 5
LiI, NaC1
2.5 m. Ct

concentra
solutions
Ca, Al, C
nitrates
pared to
correspon
salt hydr

Solutions
nitrates,
fates and
rates of
Hg, In, M
Ga

LiCl, NaC
MC1, Li
NH4Br, KN

Ga(N%)~~

Concentra
tions of
In(C104)3

40

tinued)

OLUTES INFORMATION OBTAINED

nued)

d 10 m.
NaI

m.
CsBr

d (>4N)
f Li,
and Th
l-ecom-
eir
ng solid
es

f the
ul-
erchlo-
, Zn,
T1 and

KC1,
, KBr,

9
i2SO~

i solu-

?(S04)3Y
In(N03)3

(g)

(h)

(i)

(j)

(K)

(1)

For lithium and sodium halide solutions 7-9 water
molecules occupy the first hydration layer of the
halide ions. Their number increases slightly with
ion size. Second and third hydration layers are
correlated with the anions. The’region of influence
of Li and Na+ is in general smaller than that of
the anions and corresponds to first and second hydra-
tion layers. The halide ions lie along the OH axes,
while cations lie on the dipolar sxes of the primary
waters. Considerable ion-ion contact was detected
in the cesium salt solutions but not in the others.

From a correspondence of frequencies in the region
700 cm-l - 1600 cm-~ between the solutions and the
solid hydrates, it was concluded that the relative
placement of the ions in the concentrated solutions
is characteristic of the solid hydrate.

Lines in the 360 - 400 cm-~ region assigned ‘co
metal - 0 stretching frequency of cation-water
complexes. Increased binding of the hydration
sheath is correlated to increased ionic charge.
There is considerable electron sharing in the metal-
o~gen bond.

A similar conclusion was reached from IR studies
for metal-oxygen bonding in solid hydrates.

Strongly hydrated units exist in electrolyte solu-
tions. Vibrational frequencies of I’~0molecules in
the primary hydration layer of the ions are observed
between 900 cm-l and 400 cm-l. Reasonable agree-

ment is obtained for O--HOH...C1 and O--HOH...Br
libations in solutions and those reported for solid
hydrates.

Changes in the region below 500 cm-~ indicated
formation of large, highly-ordered clusters of
H20 molecules centered OH In+3 ions and extend-
ing several water molecules in deyth. Solutions
“becomemore ordered with decreasing temperature.
N03- and S04‘2 tended to displace H20 molecules
from the hydration sphere of the cations at +25°C.
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TAEll I (Continued)

TECHNIQIIE- SOLUTES INFORMATION OBTAINED

ELECTRONIC SPECTRA

COCIP, CoBrz, COTS
and NiC12, NiS04j
Ni(N03)2

ErC13, Er(N@)5

ISOTOPIC MOBILITY

Concentrated
LiN~

SOLUBTLITY

KSCN

N.M.R.

Iridiumhalides

General review
data for many
salts

of

1-1 Electrolytes

(m)

(n)o)

(P)

(’3)

(r)

(s)

(t)

The observed frequencies below 500 cm-l, character-
istic of a cation complex, appear within 30 cm-l of
the corresponding solid hydrate in each case.

In the solutions thermally activated lattice vibra-
tions were seen which closely paralleled those of
the solid hydrate. The structures in the spectra
of the solution were more diffuse than in the solid
spectra. They become more diffuse with decreasing
concentration. The cation appears surrounded by a
quasi-solid-likepatch which can support lattice
~ibrations. Frank and Evans have argued that a
similar “super-lattice”may be associated with La+3
ions in solution.

The solution contains aggregates with molecular
orientations similar to the crystal lattice of the
solid hydrate.

The nearly linear SCN- to an extent occupy channels
in the water structure.

Evidence exists fOr In(H20)G+3 COm@eXes in solution.

In general, the hydrated ion destroys the structure
of water and forms complexes of type (Me(H20)5).
However, ions may enhance strength of hydrogen bonds
of ~0 molecules beyond the first hydration layer
due to polarization. Vibrations of the complex are
in general not harmonic.

The ion-water complex is treated as a molecular
species and effective hydration numbers are calcu-
lated. A decrease in the effective hydration
number occurs with increasing ionic radius. Among
halide ions, it is suggested that only the F- forms
a hydrate stficture. The larger halide ions “break
down” the water structure.+ A “Structuremaking”
effect is suggested for Li .
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kTECHNIQUE - OLUTES INFORMATION OBTAINED

N.M.R. 017

I
Quadruple RI

KC1, CSC1,
LiCl, MgClz

PROTON “RELAX}

Alkali hali
solutions

THEORY

Alkali-meta

cations anti

animal

JL

Et.ATION

Lcl,
Alc13

~N

,

~alid

(u)

(v)

(w)

(x)

Exchange times for H20 molecules between the hydra-
tion s~~ll of an ion and the solvent “wereobtained.
For Al “, Be+z, and Ga+3, the time exceeds 10-4 sec.
while for all others it is less than 10-4 sec.

K+ and Cs+ increase the rotational freedom of H20
molecules in the hydration sphere of the ion.
In contrast, Na+, Li+, Mg+2 and Al+’3reduce it.

The conf+wration of 1~0 molecules “ismore stabl~
about Li , Na+ or F- ions than for pure water.
While for all other ions, it is less ,Stable, The
degree of stability decreases with increasing
ionic radius.

Estimates of interaction energies of ions with their
nearest H20 moleculas have been obtained using UY!.O-
MO theory. The change Tn the ener~ of ~lectr~ns
on hydration decreases in the s~quence Li+> ,Na >
K+ > Rub+> Cs+. The energy changes are smaller
for anions than for cations. Th~ translational
mobility of H20 molecul~s clos~ to the ion.should ~:n-
crease in going from Li to Cs . The Raman studiss
smarized above also indicate metal-oxygen electron
sharing in aqueous solutions. Imfrared studies yield
similar result: for the solid salt hydrates.
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1“”.’.TABLE II

ow m3QumcY MOTION OF H20 MOLECULIXIm IONIC SOLUTIOIJ

884*4o

67@40

52S40*

461*15
(425)*

39&15

351*15

267~15
22215

168

Ei84
706

(:(
5
Ei)c

Licl

8a4

706

(660)d

498

(430)d

398

351

225

168

(All Frequencies in cm-l)

la’
—

1000

706

522

475

416

NaCl

1060

670

547

434

366

h

KC1 KSCN

1000

522

454

381

245

158

884

480

398

220

168

Cscl H20

1170

884 ’860

(722)g

547
(;;:)g

434 454
(450)g

381

250
222
175?

165 (175)
2

60*3
(60)g

I
* Frequencigs observed by N.I.S. in the solid tiJdrate.
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TABLE III

SELF-DIFFUSION COEFFICIENTS AND AVERAGE

RESIDENCE TIMES FOR WATER MOLECULES IN IONIC SOLUTIONS

“Structure-Breakers” “New Structure-Makers”

Water

4 b

Increased breaking down of Increased breaking down of water
water structure and damping structure and forming new hydra-
of frequencies characteristic of tion coordination, the spectra
water. of which are characterized by

frequencies that differ from
those of water.

Cscl KSCN KC1 H20 NaCl LiCl m Mgcl~ LaC13

l“c 0.9 1.0 “-0.8 0.8 0.9 0.6 0.6 0.4 0.5

Dx@ 25°c 2.8* 3.5* 3.2+ 2.7+ 1.9 1.3 0.9 0.8 0.5

cm2/sec 50°c 3.1* 6.4* 4.0* 4.p 2.2 2.2 1.8 1.2 1.0

75°c 3.9 8.3* 4.3* 4.5+ 4.6+ 4.1* 2.8+ 1.9 1.4

l°C 1.4 1.7 2.0 2.4 3.4 3.2 3.7 5.7 7.9

TOX1012 25°c 2.0 2.1 1.8 2.8 2.5
sec.

50°c 1.2 1.1 1.6 1.7 2.2

75°C 1.5 1.4

1. All solutions are 4.6 molal except 3.5 molal for LaC13 solution and
3..4molal for KC1 solution at l“C.

2. Values with * were obtained from the slope near origin of r vs. K2
curves. These values were used whenever simple jump diffusion model
is not valid. Accord~gly, no corresponding values of To are given.
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summm OFREPORTEDwuussFORsELF-~tisIo~
COE~FICIENTs~ AvERAG??RESIll~CETIMESl?OR

wATERMOLEC~llS~ 10NICSOIIUTION

w
o

1

10

23

25

25

25

25

25(?,

50

75
80

CBC1

1.45
(km)

2.70
~.6m)

2,92
(km)
2.-(
4.6M)

5.70
(4m)

KSCI—

—

KC1—

1.74
(3r)

2.38
(3.h5M)

2.63
(4m)

(::;M)

6.49
(4m)

Ii20 NaCl——
1.1 0.78

(4m)
0.97
~.6a 1.19

(4T)
2.47 1.8

(3.5M
2.>.4

2.57 1.85
(4f)

2.~3

2.5 1.60
(5m)

(;:gM:
3.94.

6.27
8.0 4.82

(.5m)

25 I

3.6

2.5

K+ Na+ cl-
3.3 6.63.:

(<2.9m) (<3.3m)

l-2 I

LiCl

0.76
(4m)

1.13
(5.6~
1.75
(3.81T

(::;M

4.65
(4m)

g

0.73
(4m)

1.23
(5.5jM;

5.08
(4m)

Li+ F-
29.0 6.0
(<3.9m)(<3.5m

MgC12 LaCl Ref—.

(;:~M)

0.45
(4.6M)

1

ported by Fabricandet al are based on T/Io and ‘r”was taken as
om 1310embergenet al, See FabrLcand’soriginalpaper.

.

(a)

(b)

(c)

(d)

(e)

(c)

(b)

(a)

(f)

(b)

(b)

(~)
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Figure 1

The Union Carbide neutron-time-of-flight spectrometer.

I

I
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Fiare 2

The time-of-flight spectrum of the elastic peak of

.diumis shown for a 65P scattering angle. The primary and

,ndaryBragg cutoffs of Be, Al, BeO and Be2C are indicated.

impurities were determined present by emission spectros.

. The solid line

points with a 32

n = 5.9 broadened

represents an optimum fit through the

p-see. reactor spectrum varying as

by a Gaussian of width At = 32 ~-sec.

the instrumental broadening, Similar vanadium spectra were

ured at other scattering angles at which quasi-elastic

urements were made. This initial spectral distribution

further broadened by “folding in” a Lorentz function with

ing half-width at half-maximum for comparison with the data.

pies of such broadened curves are also shown with half-

hs indicated. ~pical fits to observed quasi-elastic

ma are also shown. The independenceof the spectral

es for water to cell thickness are illustrated by a comparison

he spectra observed using cells having maximum thicknesses

.25 mm and 0.5 mm (see Appendix I for details).
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Figure 3

I
The time-of-flight spectra and the

pho on frequency distributions for water

corresponding one-

at l°C and 90°

1sca tering angle are compared to those at a 45° scattering angle

t

at 5“, 50° and 75°~. PartialJy resolved broad maxima appear

I
in ,he torsional region above 400 cm-l which become less well

def”ned with increasing temperature, Similar maxima appear,

1wit in resolution, in spectra taken at other angles.

A
,Thefrequency distributionswere calculated,”assuming

~ bot the validity of cubic one-phonon cross section and

~ a Delye-Wailer factor of unity. If these approximations

were strictly valid, the frequency distributions at a given

~ I j
terq rature coincide for data taken at different angles which

‘isn t observed. Similar conclusions have been reached and

disc’ssed in detail by Iarsson and Dahlborg.(18)
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Figure 4

~ time-of-flight spectra at 1°C for 4.6m MgC12, I@, LiCl

Pand a 5.’ m IaC13 are compared with their corresponding solid salt

hydrates at -P5°C. and all spectra were measured at 45° scattering

kangle ex~ept that for KF solution which was measured at 65°. The

sharpnes
F
of the frequencies in the liquid and their correspondence

to those in the solid hydrates appear most pronounced at these

n
Iconcen,trtions for IaC13 and LiC1. At higher concentrations, as

shown in Figures 6 and 7, the similarity of the frequencies for

IMgC12 an’ KF solutions to those in the respective solid becomes

1’
more pronounced. The corresponding frequency distributions calcu-

lated in the one-phonon approximation from the spectra of this

A
figure ae shown in Figure 5. The frequencies of the spectral

maxuna a d shoulders are given in cm-~. The dashed arrows indicate

a weak s oulder as determined by shape changes in the time-of-flight

distribu ,ionat higher frequencies where their intensities are

~
suppress ‘dby the population factor and by the reductimof the

figure. owever, they appear as partially resolved components in

onding frequency distributions. In a number of cases

(i.e., Mg,Clz.6H20 and LaC19.6~O) individual maxima in the liquid
I

and appeaP unresolved in the solid, as indicated. However, these

maxima ap-.~ear in spectra taken at different angles and tempera-

tures. Instrumental maxima arising ,fromsecondary Bragg cutoffs

of Be, Be0, BePC, and Al in the primary beam are indicated.

I

I

I

I

Wpical e~rors calculated from observed and back~round counts are shown.

I



Figure 4 (continued)

The incoherent neutron spectra of a number of solid hydrates

have been reported previously
(78) (79)

as observed at a scattering

angle of 90° and at 25°C. However, it was found that the sharp-

ness and resolution of the maxima observed

appear markedly increased in spectra taken

and at -25”C.

here for these hydrates

at 45° scattering angle
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Figure 5

The frequency distribution corresponding to

flight spectra of Figure h for the solid hydrates

the time-of-

and solutions

of LaC13, MgC12, KF and LiCl, are shown. They were calculated

assuming a one-phonon cross section for the inelastic sPect~a.

The energies of the maxima in the frequency distributions are

given in cm-~. The energies at which these msxima occur in the

time-of-flight spectra of Figure 4 are also given in parenthesis

for comparison. It can be seen that any shifts of the peak fre-

quencies due to the temperature dependence of the one-@onon

cross section in general are one channel or less.

MgC~”6H20 (1) was measured at -259C and at 45° scattering

angle, and MgC12”6H20 (3) was taken at 25°C and 65° scattering

angle.
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Figure 6

The time-of-flight spectra and the corresponding

curves for neutrons scattered at 65° angle from 1.0 m,

difference

3.5 m,

5.5 m MgC12 and from MgCl=”6Hz0 at 25°C. The two frequencies

at 454 cm-l and 382 cm-l which appeared unresolved in the -25°C

spectrum of MgC12”6b0 (Figure 3) appear partially resolved in

the above spectrum. The difference curves were obtained by a

channel-by-channel subtraction of the water spectrum from that of

the salt solution or the solid hydrate. The only purpose of

these curves is to emphasize trends and to aid in the recognition

of spectral regions where differences occur. They are not to be

interpreted as spectra of species present in the salt solutions

but not in pure water, and only the more major features and

maxima should be considered as statistically significant. As a

result of normalization procedures the net area in the inelastic

region (channels30 to 145) is set equal to zero, hence, an

intensity enhancement in one region is compensated for by an

apyarent decrease in another.
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Figure 7

The time-of-flight distributions and the corresponding

difference curves for neutrons scattered at a 65° angle from 4.6m

and 17.Om KF and from KYs2@0 at 25”C. In addition, the time-of-

flight spectra and corresponding difference curves are also

shown for comparison. With increasing concentration the spectra

of the KF solutions appear to approach that of solid KYAH20. In

contrast, the spectra of KSCN show a much less pronounced departure

from the water spectra with increased concentration. With the

concentration ranges shown the torsional maximum is observed to shift

to higher frequencies and the quasi-elasticmaximum to sharpen and

intensify relative to water with increasing IKFconcentration. In

contrast, 4,6m KSCN shows a broad and less intense quasi-elastic

ma~imum than water and a slight tiroadeningto lower energies of

the torsional

quasi-elastic

water.

maximum, However, in 18.5m solution of KSCN the

maximum appears sharper and more intense than for

1’
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Figure8

The concentration dependence of the neutron time-of-flight

spectra and corresponding frequency distribution for LiCl are

shown for data taken at a 45° scattering angle. Data are shown

for solutions at 25°C and for the solid hydrate at +25° and

-25”c. Maxima aypear better resolved at the lower temperatures

for the solid l@rates. The spectra of the solution with in-

creasing concentration becmne similar to that observed at -25°C

for the solid hydrate.
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Figure 9

The time-of-flight spectra, the frequency distributions,

and the differential

solid LiN03”3H20 and

solid hydrate in its

curves for neutrons scattered at 65” fran

~8.5m of LiN03 obtained by melting the

waters of crystallization are compared.

The frequency distributions corresponding to the neutron

spectra of Figure 5 at 65” for ICFas a function of concen-

tration are also shown.
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Figure 10

The time-of-flight and difference spectra for 4.6m

of four potassium halides at 25°C and a scattering angle of

65°. The effect of va~ing anion size is shown.
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Figure 11

The time-of-flight and the difference curves for

3.5m sodium, calcium and lanthanm chlorides. As these

cations have each essential~ the sme

show departure from that of pure water

charge.

radiusj the spectra

as a function of ionic
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Figure 12

The time-of-flight and difference curves for 4.6m solutions

of lithium, potassium, sodium and cesium chlorides. The effects

of varying the ionic radius

spectrum increase regularly

CSC1< KCIZ NaCls LiC:).

are shown. Departures from the water

with decreasing ionic radius (i.e.,
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Figure 13

The time-of-flight distributions of neutrons scattered at 45°

from 3.5m LaC13 solutions at l“> 25°) 50” and 75°C are shown On the

left. Many of the inelastic maxima present at l°C persist to higher

temperatures although broadened and less well resolved. The angular

dependence (see Appendix II) of the IaC13 solution spectra is shown

on the right with curves recorded at l°C and scattering $ s of

457 55, 75 and90”.

The areas under the curves on the left are

constant value over channels 30-145 to emphasize

normalized to a

spectral features in

the inelastic region. The righthand curves demonstrate that although

they are broadened, the frequencies in the inelastic region persist

with increased scattering angle and also allow a comparison of the

quasi-elasticmaxima with varying scattering angles. These curves have

been normalized to the same constant area but over channels 30-240.

This procedure iesults in a suppression of spectral features in the

inelastic region; note nowever the consistency of features in,the

topmost left and righthand curves which are for the same data under

the two different normalization procedures.
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Figure 14

The time-of-flight distributions of neutrons scattered at

an angle of 45” from 4.6rnCSC1, CSI, KC1 and KSCN are compared at

temperatures of 25°C and 75”C. These salts (see text) are normally

considered to be structure-breakers. It should be noted that,

unlike water (see Figure 3 ), partially resolved torsional maxima

appear at 75°C the frequencies of which depend on both cation

and anion, and are associated with primary hydration water in

H20-ion complexes as described in the text.
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Figure 15

The observed values of ~, the I.mentz-half-width at half

maximum, as function of K2, the momentum transfer squared, are

shown for water and salts containing small or highly charged ions.

Note that at each temperature the tunes of 17 VS. K2 for all

these lie below that for water solutions. These results are for

4.6 molal solutions excepting for the 3.5m Lac13.

The values of r vs.
(19)

K2 obtained by Iarsson

for water are also shown for comparison and appear in agreement with

t“hoseof the present measurement. (The l“C, 50°C, and7~°C data

(18)) The full solidwere taken from Iarsson’s experimental curve .

lines through the data points represent fits to the data minimizing
(6Z\

residuals with the simple jump diffusion(-” relationships

Y1 -2W
r= — (1 - ;+TGDK2 )

To

The values of Do and I-.of Table IIIwere so

solid and dotted line indicates a departure

obtained. A partially

from the temperature

behavior of the simple jump model as described in the text. For

such data, only a value of D has been extracted from the relation

r = hK2D and the observed shape near the”origin. The errors shown

represent the limits to which a value of r could be varied
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b incurring variations outside of statistical accuracy between,

sr’vedquasi-elasticmaxim, and the Iorentzian broadened incident

distribution (Figure 2 ). Small but real departures from a

~rentzian shape

spartures could

jump diffusion

ix II).

,

especially in the wings cannot be precluded.

occur where the temperature dependence of the

model is no longer valid (see discussion in
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Figure 16

I
The observed values of p vs. K2 are shown for water and

Paquelus solutions of salts having large, singly-charged ions

at 1 c, 25”c, 50°c and 75°c. The concentration of all the solu-

tio
1

was 4.6m except for the KC1 at l°C which was 3.2m in concentra-

tion~. At 1°C the r vs. K2 curves for these salts all lie systemati-

7cal above that for water in contrast to the corresponding curves

1for ~he salts in Figure 15. With increasing temperature the P v-s.K2

I
cros’~ that for wate? and at 75°C with the possible exception of

Cscl~ lie below that for water.
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APPENDIX I

THE EFFECTS OF MULTIPLE SCATTERING AND CELL DESIGN

Iarssml(68) reported that upon running the spectra (at 30°

scattering angle) for aO.5 andO.2 mm cell, that the intensity ratio is not

far from 2.5:1 over the entire energy scale as it shauld be for thin

samples. A 0.2 mm ssmple was then considered as a “real thin” sample.

In addition, a

effective cell

(69-7jJingnumber of quasi-elastic studies have been made

thicknesses in terms of the number of hydrogens per square

centimeter which were equivalent to our 0.5 mm cell for water.

In the present investigation the choice of cell thickness and

design was based upon a number of considerations smd measurements in addi-

tion to literature recommendations. In particular, the following features

should be noted:

(1) It was found that a thin cover plate of Al over a thin

layer of water or a series of capillary grooves tended to

bow and increase the sample thickness especially at the

higher temperatures. Therefore, a cell design

to that reported by Cribier and Jacrot(70) was

except that the water was contained in grooves

similar

ada~ted

precision

pressed into the Al cover plate which was backed by a

flat sheet of Cd. When the Al”plate “wasthen fastened

in place the grooves served to strengthen the ylate

against measurable bowing as

solutions. The spacings and

were such that for the range

well as to contain the

collimations of the cell

of scattering angles used
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no significant fraction of the neutrons incident

upon one water-filled groove could, upon scattering,

pass through a second before going down the flight

path. Thus, the maximum thickness was 0.5 mm, while

the average thickness was about 0.42 mm.

A number of cell thicknesses between 0.17 mm and

thickness above 0.5 mm have been measured. me Corn-

parison of the spectra of 0.P5 with a 0.5 mm maximum

thickness cell shows that these spectra are identical

in shape within statistics.

Care should be taken when reducing the cell thick-

ness to the 0.2 mm range that any differences seen with

varying sample thicknesses do not occur from signal-to-

noise ratios being uncertain and background corrections

which are made to all spectra; i.e., a background correc-

tion for a thin cell is much more important and must be

determined much more accurately than one for a thicker cell.

This became evident when the spectrum of the 0.17 mm cell

was measured. To ensure this not only the cell thickness

but also the cell geometry have been varied such that the

signal-to-noise.ratio also varied to a significant

degree. It w@s required that not only should this

syectrum reproduce for two different ssmple thicknesses

but for cells of these thicknesses having significantly

different backgrounds that any variations or similarities

in the spectrum were not fortuitously due to the way the

background was handled. ,.
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APPENDIX II

THE OBSERVED BROADENING OF THE INCIDENT LINE AND ITS RELATIONSHIP TO THEORY

As noted in the text, diffusive motions in water or in the ionic

solutions result in a series of small ener~ transfers that effectively

broaden the incident neutron enerm distribution and give rise to the so-

called “quasi-elastic”peak. In principle, highly accurate data would be

desirable to allow the following features of the “quasi-elasticmaxima”

to be investigated in detail and quantitatively correlated with theoreti-

cal models.

(a) The functional form of shape of broadened distributtin

(b) The half-width at half-maximum as a function of the

scattering angle

(c) The angular dependence of the area of this maximum

(d) The temperature behavior of both the area and the width.

In practice, precise data on the shape is difficult to obtain, and uncer-

tainties in shape, particularly near the “wings” of the broadened curve,

may result from the manner in which the contribution of the inelastic

portion of the spectrum is estimated and subtracted. In the present in-

vestigation (as discussed in detail in our Annual Report for 1967) the

observed temperature and the angular,,dependencesof this background were

,..
well approximated by a spectmm of neutron scattered from a “gas of

mass 18.” A similar behavior was also noted by Blockhouse(22) and

(23)others, This background results from small inelastic multiple transi-

tions between the closely spaced levels of the continuum limit of the

enharmonic potential in which H20 molecules are bound. Upon subtracting

such a background, all the resultant quasi-elastic maxima were observe”d,
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within tatistics, to be Lcrentzian.

r
However, small but significant devia-

tions i’ shape may exist, but be obscured for cases where the broadening

and the~inelastic background are both large; for example, at high tempera.

tures, nd: in certain cases, at high KS values. Nevertheless (as will be

discuss’d below), such undetectable departures in shape may also correspond

to than es in the functional variation of the p vs. /K2/ curves with tem-

perature which can be detected. In addition, as reviewed by Iarsson,(21)

until r~cently there have been discrepancies outside of’experimental error

on the Reasured values of the width as a function of the angle for pure

water a -25°c. Further, in view of the errors, a number of models appear

able to account for their observed angular variations of the widths. It

is there ore desirable to study a number of aqueous systems so that the

numerics values of characteristic parameters such as self-diffusion,co-

efficients and residence times which result from the application of a

spectfic theory may be compared with values from other techniques.

For a model, the motions of a H20 molecule are in general speci-

fied by a ~pace-time correlation function, G(~,t). G(?,t) states the

probabil..tythat a particle at ? = o will be at a position ~ at a later
,,

tide, t., It-has been determined that the cross section and hence the

intensit~ for neutrons scattered into a solid angle O after gaining or

losing a~ ener~ Au> = E -
f E. and a momentum of%? from a molecular vibra-

i
tion is liven

(74) by
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The double fourier integral term is called, S(~,m), “the

scattering law” and depends only on the molecular dynamics of the system.

The problem then is to obtain for a model G(~,t). For an associated or

hydrogen bonded liquid such water of any model should attempt to include:

(a) The intermolecularvibrations

(b) The diffusive motions

(c) Correlations between diffusive and vibratory motions,

damping of low frequency modes into diffusive motions,

and anharmonicity and multi-phonon effects

(d) The possibility of combined motions of individualwater

molecules as well as motions involving correlated motions

of groups of molecules.

While G(~,t) represents the general solution to the equations of

motions, it must, for any model, approach specific functional limits at

both very short and very long times. As the neutron interaction time is

& (where vo is the velocity of the incident neutrons) then for the

curves of

K2 values

values) a

classical

r vs. K2, large Ks values correspond to short times and small

will correspond to long times.
‘2FQr very short times (large K

particle in a liquid will approach the behavior of a free

gas with G(~,t) = (~ ~ ‘) x exp (-r2/(v0t)2),
/ TI /t/’

where vo = (2kT/M)l’2 and M is the mass of the diffusing unit. This leads

to a quasi-elasticwidth given by 2r = 2.356(~)fiK. In contrast, for

long time, classical diffusion is approached with

G(?,t) -~ (4u D-L)-3/2exp(-r2/2(Dt))
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self-diffision coefficient. This gives a Lorentzian broaden-

den’cline with a P = ?lDK2. Thus, any correct model should in

information on the mass of the diffusing unit for ve~ large

,11owa value of D to be obtained from the slope of T vs. K2

Then the important differences between models and the dif-

ons on the binding of H20 molecules to structured units and

p of’this binding to the diffusive kinetics

lues) intenikdiate to the above limits. In

intermediate region” it would be necessaxy,

vin equation for the system

.4 -b

dt2 dt

viscous damping coefficient, and N?(t), the

will occur at

order to correctly

for example, to

stochastic driving

natelyj an exact knowledge of these latter quantities implies

ti~e and specific knowledge of water than is present3y avail.

ice therefore, certain specific types of diffusive motions are

air coi”respondingr vs. K2 dependence calculated and tested

surements. In the present experiment for water and ionic

Tirst approximation, we have compared the observed dependence

a function of temperature with the delayed diffusion model. (65)(75)

~at the molecule reorients or jumps between sites with a

Lth an average time between jumps given by

LTo = 1/6 ~2 .

~sumedthat To is at least an order of magnitude larger than

period so that a molecule perfomns many oscillations between
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jumps. Between bonding sites the molecule moves as a free particle with

a transit time T1 = #(&)’12. If this time much shorter than the

period between the jumps these motions can be neglected as the ’gas-like

motions are delayed by the fact that the

a relaxation time To. This “model” does

ciated with To is due to a reorientation

molecules are first bound for

not specify if the “jump” asso-

of a molecule in the structure

or if a water molecule breaks from the structure and “jumps.” Such information

would be contained in the specific temperature dependence of TO and D.

For arbitraxy values of T1 and TO? the broadening of the incident line is,

in general, not Lorentzian. When To S< -c],the “quasi-elastic”peak is

Lorentzian with r =%DK2, corresponding to the long time limit discussed

above. In the limit TO > TI, the diffusion takes place by a series of

activated jumps, the quasi-elasticmaximum is again Iorentzian but nm with

r=2-(1.

which again for small K2 (i.e., long

diffusion. However, for large K2, r

-2W

%?%
)

times) approachesTiK2Dor classical

approaches H/To. Thus, as this r,

for large K2 values (i.e., short times) does-not approach

limit of the classical gas, it must only be considered as

the necessary

at best an

approximation for times intermediate between the diffusion and gas model

limits. Indeed, these authors 2 the quasi-elasticshow that for large K

peak is not Lorentzian broadened and the cross section is a series expansion

in K2~M
— for which the above expression for T’is the first term. Hence,
kT

for very short times, the motions must correspond to diffusion of a gas

DM
with a correlation time, -c = —

~
~T as given by kinetic theory. From
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fluctuation~ltheory,a diffusing particle goes an average distance

(M2)l/2 . (“2Dt)1/2 in a time t. If a neutron is to be scattered with a

zmomentum trz,nsfer by “interacting’~over a distance (AX) with the diffusive

motion, the interaction time t must be ~ ~ . For simple Iangevin dif-
obS

fusion? ‘$ --‘~$ where T is the characteristic ttie for diffusion to begin.(66)
I ~

g

~ ~K2kT
Then, when ~

— is less than one, diffusive motions will be seen.
‘obS

M

When this ratio is greater than one, individual gas-like or free particle-

like motions of particles will be observed. Thus for small K2 values of

ions are observed while for large K2 values of free particle.

are observed. Now if the Iangevin diffusion is delsyed by a

TO, then the jumps will appear as diffusive motions with

-&
or at small K2 values. For large K2 values

title motions would be observed while for intermediate

times, i.e.,
> kT

~“ ‘tobs ~ all lines would be broadened accord-

ing to $he

the mass M

correspond 1
u certainty principle, i.e., P = fi/70. In the above expressions

n ed not be that of an individual water molecule rather it could

t the total mass of the water molecules within a range in which

they effecti~ely move in a correlated manner. Thus, beyond this range the

vibrational m‘odeswould damp into diffusive motions. However, if discrete

“clusters”were to exist7 then this mass would be the “cluster mass,”

However, it d>es not imply the existence of cluster.

In ‘~hedata for water and ionic solutions at small K2 values,

the values of r appear to approach the origin linearly in accord with

r = %DK2, the necessary behavior for the long time classical diffusion

limit of any iorrect correlation function. The problem is then at the
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2 at which data are ttien whether within the error r islarger values of K

unique~ approaching the limit r = ?l/Toof the delayed diffusion model or

if significant contributions of “free-particle”motions are in addition

contributing. Particularly at higher temperatures where the curves of

r vs. Kp become less “flat” and T is increasing, contributions from a gas
E

behavior may be significant. Unfortunately, for experimental reasons

measurements cannot always be extended to sufficiently large K2 values so

that an approach to a constant value of r is convincing. Indeed, if the

curve does not bend sufficientlywithin the observed range of K2 values, a

(63)(76) (77)
number of different models appear able to equally well account

for the functional dependence of r vs. K2, For example, this has been

particularly true

butions from free

might be detected

for data for pure water at 25”C. In principle, contri-

particle motions or deviations from the simple jump limit

by corresponding departures from a Larentzian shape.

However, as discussed above, background mbtraction and the accuracy of

the data may preclude such departures from a Lorerrtzianbroadening being

detected. A more sensitive empirical determination results from the pre-

dicted temperature behavior as follows: We define

r/kT = y and
_hDK2

parameters
-=X”

Then, for the

y.
* (’ - ;:,.O)

Tx

the dimensionless

jump diffusion limit

l?orsmall K (i.e., small x) y = x and is tem~erature j,ndependent.Forlarge

x, y +tl/~o/kT and as To would decrease (exponentially)with increasing

T, y would therefore increase. In contrast, the gas model would predict
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1/2 (2
,,

y F (21n 2x) +’/2 so that, in contras~ to the jump model, y
‘g

x

I
decrease with increasing T.

Egelstaff(65) has proposed a general model for the intermediate

I
time ran e in liquids. In addition to the

molecule , strongly correlated globules of

cooperat vely diffuse together. The ratio

jump diffusion of individual

molecules are assumed to

of “globule mass” to the

I
.. (67 ) (21 ) is related to

molecula mass as noted by Sjolander and by Mrsson

!
the rela ive number of degrees of freedom that may go into diffusive modes,

i.e., th larger the cluster the lower the number of such degrees of free-
11

dom.

!

“This,in their extensive studies of liquid pentane and glycerol

which ax like water, the relative number of degrees of freedom is small

‘1
at low te perature

to a rapi breakup

of the “g obules’f

and increases rapidly with temperature corresponding

of the structured units with temperature. For the motion

Y = (m12x)J2 (
a /

1)’=I “m
Tg2 + (T@kT)2)1/2

1
This mode’ also passes to the gas limit for high temperature and to classical

diffusion for long times or small K2 values. l/Tg = ~ is the “friction
—

constant” and -C = ~ (M/va)(Rg)3 &where M and~a
~

respectively are the

I
masses an mlmnes of’ molecules and R is the correlation range.

1?
As for

the gas m del, with increasing temperature, J)/kTand hence -cgwould in-

crease, a ,dy would decrease. However, it should be noted that no specific

1
temperatu~e-dependence is assigned to Rg which could decrease with increas-

ing temper ture and tend to reduce -c For this reasonj it is best to
El”

compare ob er~ed changes in y at a series of temperatures the separations
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of which are not very large cmnpared to difference between the melting and

boiling points of water.

In general, the passage to a gas behavior is attributed to an

increase in ~g given above bY

‘El = ~ (M/va)(Rg)3 D/kT

due to D/kT increasing with temperature. If we consider that at the in-

version point TO-- T ~ then we define a value of Kc= = (kT/Mc~) where
g

Ivl=4”-# M/va)Rg3.
c

For K_>Kc2 gas behavior is observed and KC2 would

decrease with increasing T due to increasing D. Thus, with increasing

temperature Kc= would decrease into measurable range of K2 and gas be-

havior is observed. For a solution of a “structuremaking” salt where a

solid hydrate-like ordering of &O molecules may exist, diffusion of corre-

lated groups of &O molecules may be restricted so that KC2 would be large

and the jump-diffUsion of individual ~0 molecules would primarily contri-

bute to the half-width ~ within our range of high K2 values. In contrast,

the addition of a “structure breaker” like KSCNwuuld increase the ability

of such correlated aggregates to diffuse and hence lower KC2.

The msxima in the inelastic region will also in part be broadened

by diffusive motions of the molecules. Thus, as discussed in the text, the

following general trends are observed in the spectra:

(a) The addition of a salt that sharpens and intensifies the

quasi-elastic maximum also tends to sharpen the associated

inelastic msxima relative to pure water
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Both quasi-elastic and inelastic maxima are sharper at

small angles and quickly broaden and decrease in intensity

with increasing angle

Maxima (within resolution) do not shift appreciably as

expected for coherent effects. Indeed solid salt hydrates

as for pure water have been treated as incoherent

scatteres.(78)(79)

In general, the width of the inelastic maxima will be determined

T the resolution and width of the incident line and the relaxation

and rates. In addition, for an associated liquid such as water,

:rsions in size and type of the bonded clusters and in the asso-

~ermolecularfrequencies may also contribute to broadening lines.

nger(20) has argued that the large width of the torsional maximum

rater could not be explained in terms of a Doeppler term or gas-

h for

.ty of

:ed in

a mass of 18. He tentatively ascribed this width to a

(32)species of the type suggested by Cross et al. Although,

this work, the presence of’more than one torsional component

:t, explain this. However, for certain of the solutions in the

Lperthe intermolecular frequencies appear better defined than

rater (for example, see the IaC13 spectra of Figure 13) and the

~roadeningassociated with a “high ener~ or Eas-model limit”(80)

)0 large to account for

leVat channel 100)--in

the gas-model limit is

their widths (being 50 mev near channel 49

agreement with Larsson
(21)

who has recently

inadequate to explain the observed water
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The features a-c above are more in accord with the more general

(75)(67), me self corre-
features proposed for a number of recent modelsF

lation function is

where GD describes

forming the double

ing law Ss(K~a)-

taken as Gs(r,t)-
J

G~(R,t) G~(R-r,t) ~

the diffusive and Gv the ~ib~ational motion” ‘Pon ler-

fourier transform an expression results for the scatter-

[
S~(Ku’) S~(K,(u-m’) du’. For the vibrational part

s~(K,(m-u’)) can be expanded in a multiPhonon ‘eries~ ‘ach ‘erm ‘f ‘hich ‘s

effectively further broadened by folding in the dispersion of the diffusive

energy transfers expressed bY S~(K)m’)” The ‘ero phonon ‘erm ‘mid give

rise to the quasi-elasticmsximum discussed and the remaining terms to the

Further, as Sj~lander
(80)

inelastic spectrum. and others(81) have argued,

the zero and one-phonon terms would give rise to maxima superimposedupon a

relative smooth and continuously differentiablebackground arising from

higher ~honon terms. Thusj for diffusive motions leading to a Lorentzian
e-2w

function the zero phonon term would give SD(K,~)
I’(K) the one-phonon

P(K) +@

term would be:

S1(~jU)%K2e
-2W

J

g(v)dy r(K)
~(e+hV/kT-l u-~)<.+~(K)

where hm is the energy transfer and v is the frequency of the mode. The

broadening through P(K). At small scattering angles all

sharpen as:

contribution of higher

(82~

width of a maximum would reflect both the frequency distribution (v) and

the diffusive

maxima should

(1) The

with decreasing angle.’-”‘

singularitieswould become

the background.

phonon terms should decrease

Thus, zero and one-~honon

more pronouned relative to
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(3)

be sharpt

creasing

terms an[

may lbroa[

I
indi~idu:

~

f’or pure

accdunt i

sharpen j

followin~

(1)

(2)

(5)

xiv

r(K) for small angles, hence, for small (K) would approach

hDK2 and hence decrease, thus reducing the diffusive broad-

ening of all lines

e-2w

with

the Debye-Wailer factor would increase toward unity

decreasing angle and intensify the area of the elastic

and inelastic components.

Thus, as observed, both quasi-elastic and inelastic lines should

t at small angles and rapidly de-intensify and broaden with in-

ngle as a result of both increases in the number of higher phonon

in the diffusive broadening.

n at different relative rates

modes. Indeed, Springer
(20)

ater more than one “effective

r the spectrum.”

Further, individual inelastic maxima

as the Debye factor differs for

and others(18) have noted that even

Debye temperature is necessary to

The addition of small and/or “highlycharged ions to water can

elastic maxima relative to pure water by one or more of the

Increasing 2W and relatively reducing high phonon contribution

Decreasing the relaxation rate and the self-diffision coefficient

hence decreasing any diffusive broadening.

Forming more unique associated species than in pure water.

rhis is particularly true

{here the majority of the

primary hydration layer.

at higher concentration of salts

1320molecules would be in the

Thus the frequency distribution

(*u))observed would not be an average over as wide a distri-

bution of species as for pure water.
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(4) Coupling between diffusive motions and slow or low

frequency vibrations in the liquid phase could dampen

the low frequency tail of the g(tlm)for a mode and thus,

compared to a solid lattice, narrow the frequency

dispersion.
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